Even though IPv6 adoption has accelerated in recent years, the complete migration of the Internet still faces many challenges. There are multiple factors that can potentially affect, negatively or positively, the future adoption of IPv6 by various Internet stakeholders. This situation begs the question of "what could be done to avoid derailing the IPv6 adoption progress?" and "how different factors can help maintain its acceleration?" There has been significant interest in those questions, and the paper proposes a series of models to investigate and shed light on them. The results confirm the effect of a number of known factors, while also providing new insight. Particularly, they highlight the destabilizing impact of disagreement across Internet Service Providers (ISPs) on immediate migration to IPv6, and show the benefits of minimal coordination among them in offering IPv6 as an option. They also show what affects technology transition in a large network with complex dependencies such as the Internet. Using robustness analyses, the findings are shown to hold in the presence of different assumptions and scenarios.
Introduction
IANA announced in February 2011 that the free pool of IPv4 addresses is depleted, and even if IPv4 addresses scarcity has not yet materialized everywhere, we are slowly but surely headed in that direction. IPv6 was designed to address this issue, and even though recent studies show its adoption is accelerating, there are hurdles that can impede or slow down its progress in the future. Although these hurdles are not (anymore) of a technical nature, years of technology disparity between IPv4 and IPv6 caused a marginal adoption of IPv6 across major Internet stakeholders [2] , which in addition to incompatibility of the two technologies forced the use of translation mechanisms to allow IPv6-only users access to the IPv4-only Internet. These translation mechanisms are widely used today by ISPs such as CERNET2 in China, and Verizon Wireless and T-Mobile in the U.S. CERNET2 [3] (an academic network), already had over 400k IPv6-only users in 2009, is expected to reach 3 million by the end of 2015 (see [4, 5] ), and uses "IVI", which translates IPv4 traffic to IPv6 and vice versa. Similarly, Verizon Wireless and T-Mobile are now primarily relying on IPv6 addresses for new cell-phone subscribers [6, 7] , and use "NAT444" and "464XLAT" as their translation mechanisms, respectively. While necessary for a transition, the quality degradation those mechanisms introduce [8, 9, 10, 11] reduces motivation for the new users to adopt IPv6. This is an instance of hurdles in front of the progression of IPv6 adoption in the future. Our initial intuition was that besides the above instance, the distributed structure of the Internet can also affect the progression of IPv6 adoption. Specifically, the benefit of migrating to IPv6 depends to a large extent on what others in the Internet do. This is not an uncommon situation (e.g., see [12] for a related discussion in the context of Internet security protocols), but uncertainty in the decisions of others can significantly delay the adoption of a new technology.
A goal of this paper is, therefore, to explore and explain strategies that can derail or speed up the current progress of IPv6 adoption. These strategies require careful assessments as we are dealing with a highly decentralized system (the Internet). To better understand the extent to which these strategies can affect IPv6 adoption, several simple yet representative scenarios and models were developed. The focus of these models is on the decision making process of independent and decentralized stakeholders across the Internet, and how those decisions can affect IPv6 adoption. We acknowledge up-front the many simplifying assumptions these models rely on (a necessity in most modeling efforts), and their lack of completeness. However, they incorporate major aspects of IPv6 adoption decisions, namely, (i) heterogeneity in the Internet stakeholders making decisions; (ii) a representative sample of available technology options; and (iii) the dependencies that exist across decisions.
Our findings from these models indicate that independent decision making process of ISPs can negatively affect IPv6 adoption. In other words, disagreement between ISPs on connectivity option offerings, adds uncertainty to the factors that affect IPv6 adoption decisions of the Internet stakeholders, and makes it hard to identify winning strategies. As a result of this uncertainty, migration to IPv6 slows down, or at the very least becomes haphazard. Another finding of the models is that even minimal coordination among ISPs in offering connectivity options, e.g., an Internet-wide consensus on offering IPv6 as one of the connectivity options, can significantly improve our abilities to identify strategies that hasten the IPv6 migration process. Although consensus alone is not sufficient, it makes it easier for the Internet stakeholders to identify winning strategies that can, at the same time, speed up the migration of the Internet to IPv6. The paper's contributions are, therefore, two-fold: (i) It shows how distributed decision making of the Internet stakeholders, in the presence of competing solutions to the problem of IPv4 address scarcity, can negatively affect identifying winning strategies, and therefore, linger the (current) uncertainty in IPv6 adoption; and (ii) It illustrates how the introduction of limited coordination among ISPs, which is not in itself enough for IPv6 success, can help determine the impact of different parameters on IPv6 adoption, and hence, facilitate a smoother migration process.
The rest of the paper is structured as follows. Section 2 discusses the framework of the problem, including the Internet stakeholders, connectivity options, and scenarios. Sections 3 introduces the models in two categories of disagreement and consensus. Section 4 and 5 explore the outcome of the models with a certain set of assumptions, and provide the key findings. Section 6 investigates the robustness of our findings to different modeling assumptions and extensions. Section 7 briefly reviews related works, with Section 8 summarizing the paper's findings and recommendations.
There are too many differences between this paper and its preliminary version [1] , and therefore, we only list the major changes, namely, generalized models, extended range of numerical analyses, and robustness analyses section.
Problem Framework
There are many factors that arguably affect the adoption of IPv6, and any (tractable) model is unlikely to account for all of them and their variations across stakeholders. Our models operate within a certain framework, and this section specifies the outline of that framework by introducing the Internet stakeholders, their connectivity options, the inter-dependencies between their decisions, and the scenarios in which they interact.
Internet stakeholders
We distinguish between three types of Internet stake-holders: Internet Service Providers (ISPs), Internet Content Providers (ICPs), and Internet Content Consumers (users). ISPs derive revenues from providing Internet connectivity to both ICPs and users, and are, therefore, concerned with the choices and costs of the technologies used to implement this connectivity. They make the ultimate decision to offer IPv6 connectivity to the other two stakeholders, hence, they play the most significant role in IPv6 adoption across the Internet. ICPs obtain the bulk of their revenues from users that connect to them through ISPs. Hence, their focus is on the quality of their connectivity to users and how it may affect their revenues, as well as any cost they may incur to upgrade their existing infrastructure to support a new connectivity option, e.g., IPv6. Finally, users purchase Internet connectivity from ISPs, and use it primarily to connect to ICPs (and to a lesser extent to each others). Hence, they are affected by the cost of Internet connectivity and by its quality.
ISP's connectivity options
ISPs are the providers of Internet connectivity, and therefore control technology choices. Although IPv6 adoption is on the verge of happening, implicit to our modeling effort lies the fact that IPv6 still faces competing solutions. Among those available technology choices ISPs may choose from to accommodate customer growth, we consider three representatives.
The first choice an ISP can make is to simply continue using public IPv4 addresses. This has the advantage of full compatibility with the current Internet, but given the growing scarcity of public IPv4 addresses is likely to quickly involve added costs, e.g., to purchase public IPv4 addresses from an address market such as Hilco Streambank IPv4 Address Marketplace.
The second option an ISP can rely on is to use private IPv4 addresses together with Carrier-Grade NATs (CGNs). Unlike public IPv4 addresses, private IPv4 addresses can be reused and so are not scarce. CGNs are required to allow connectivity to the public Internet, but the technology behind CGNs is mature. Private IPv4 addresses also have the benefit of letting ISPs defer a potentially expensive upgrade of their network to IPv6. The main disadvantage (to the ISP) is the cost of CGNs, which grows as more users are assigned private IPv4 addresses.
IPv6 is the third option. IPv6 addresses are not scarce, but like private IPv4 addresses will require some form of "translation," e.g., NAT64 [13] or DSLite [14] , to allow IPv6 users to communicate with the IPv4 Internet. IPv6↔IPv4 translation is less mature than that for private IPv4 addresses, and may therefore be initially more expensive. On the flip side, even if the exact time-frame remains unclear, the need for translation, and therefore its cost, should disappear as the Internet eventually migrates to IPv6.
Decision dependencies
As alluded to, although ISPs choose Internet technologies, their decisions, including pricing, depend heavily on users and ICPs. For example, an ISP offering both IPv6 and (public) IPv4 connectivity might discount the IPv6 service, thereby attracting users to that option and lowering the need for (expensive) public IPv4 addresses. However, more IPv6 users also means higher translation costs, unless this entices more ICPs to become IPv6 accessible thereby lessening the need for translation. This creates a complex web of dependencies, whose impact is amplified by the distributed decision process that prevails in the Internet. As we shall see, this can make devising sound (profit maximizing) strategies difficult if not impossible. To understand the dependencies better, we present the system dynamics diagram of IPv6 adoption by ICPs and users in Fig. 1 . It can be seen that there are externalities between users and ICPs as well as externalities due to competition among ICPs (captured by thin links in the diagram). However, in our models, we ignore the latter, since it is hard to quantify them. Note how the overall access quality for IPv6 users improves when more ICPs adopt IPv6. This is due to the fact that the traffic from IPv6 users does not go through translation devices when an ICP is IPv6-enabled. This is a positive feedback (shown by R for Reinforcement), because larger IPv6 userbase also means higher incentives for ICPs to adopt IPv6. As alluded to earlier, translation quality degradation is shown to negatively impact the overall access quality for IPv6 users, and the number of IPv6 users makes this quality worse due to congestion in translation devices. We show in the next sections that these dependencies indeed play a critical role in IPv6 adoption, and by breaking only one of the links in the web of dependencies, the outcomes change drastically. 
Scenarios
In many technology adoption instances presence of multiple entrants, and lack of consensus on a single choice among stakeholders can prevent a full market penetration by any of those choices. While competition of alternative solutions can be helpful in keeping the evolution of a technology on the right track, consensus on one choice makes a full market penetration faster and easier. In the case of IPv6, a full market penetration is required, if the Internet is to avoid permanent traffic translation, therefore, the Internet Engineering Task Force (IETF) standardized IPv6 as the replacement for IPv4. However, due to the hurdles in front of IPv6 adoption, other alternative solutions have become popular among some ISPs.
As different ISPs manage separate Autonomous Systems (ASes), their decisions are to some extent independent of each other. This heterogeneity among ISPs can lead them to offer (at least temporarily) different connectivity solutions. Since ISPs provide Internet connectivity, their heterogeneous decision making has a more significant impact on IPv6 adoption compared to other Internet stakeholders. Therefore and in order to investigate this impact, we consider two major scenarios: (i) a scenario in which ISPs disagree on immediately offering IPv6 connectivity to their users; and (ii) a scenario in which all ISPs offer IPv6 along with other connectivity options to their users. Next, we describe these two scenarios in more details.
Disagreement on offering IPv6
In this scenario, one ISP is always assumed to offer IPv6, as otherwise the outcome is trivial, i.e., stagnation in IPv6 adoption, while the other ISP offers either public or private IPv4 addresses.
Given that the main competition IPv6 faces is the incumbent IPv4 Internet, we consider the case of two ISPs, one having embraced IPv6 as the technology of choice for its new customers 1 , or an ISP that plans to join the market but does not have the option of acquiring IPv4 addresses, while the other ISP has decided to defer any migration and to simply acquire additional public IPv4 addresses to accommodate new customers. The first ISP needs to deploy address translation devices to allow its new (IPv6) customers to connect to the legacy IPv4 Internet. This cost grows with the number of users that choose IPv6, and decreases as more ICPs become IPv6 accessible 2 . Conversely, while the second ISP does not incur translation costs, it needs to purchase public IPv4 addresses for its new customers. Those costs are expected to rise as public IPv4 addresses become scarcer. Note that in this scenario, we do not assume that an ISP with a current IPv4 user-base switches instantly to an IPv6-only infrastructure. The main focus of this scenario is however, on ISPs that are going to join or have recently joined the market, but do not have the option of acquiring IPv4 addresses, which is the case in many Asian countries with already exhausted IPv4 address pools.
Another variation of this scenario is when no ISP wants to incur the cost of purchasing more public IPv4 addresses (or those addresses are unavailable for purchase). ISPs that defer upgrading to IPv6 would then rely on private IPv4 addresses. Offerings based on either IPv6 or private IPv4 addresses both require translation (CGNs) to connect to the public IPv4 Internet. Translation costs for private IPv4 are likely to be lower than for IPv6, if only because of more mature technology and/or greater operational familiarity and compatibility with the current Internet. On the flip side, translation costs for private IPv4 keep increasing as more users join, independent of how many ICPs become IPv6 accessible. We describe this scenario in Appendix A.
Consensus on Offering IPv6
In this scenario, there exists a global consensus on offering IPv6 (along with other service types), as a technology of choice to users, hence, all ISPs offer IPv6 and another service, e.g., public IPv4.
On the technology choice front, this scenario is identical to the first one, namely, both IPv6 and public IPv4 are available as connectivity options. The main difference is that the two options are now systematically offered by all ISPs, and therefore priced internally, as opposed to competitively, to maximize their own profit. The price difference is a means of modeling, and can be interpreted as the cost of extra services that ISPs offer (for free) along with their IPv6 services, but charge users for those same services in IPv4, e.g., static addresses (http://www.vo.lu) etc. This scenario is equivalent to having a monopolistic 1 T-Mobile has recently started to only assign IPv6 addresses to its Android 4.4 users (see [7] ).
2 Translation costs are assumed proportional to the volume of traffic that needs to be translated, i.e., higher capacity devices are needed.
ISP that sets the price of both connectivity choices.
Models
Based on the scenarios of the last section, we developed models that capture the interactions and decision dependencies of ISPs, ICPs and users. As alluded to in section 2.3, the decisions of users depends on the decisions of ICPs and ISPs, and vice versa. ISPs are the selectors of the technology and affect the interactions of the other two stakeholders through their decisions. This framework is common to other environments, e.g., gaming platforms, where the number of game developers and the number of gamers are affected by the decisions of the console provider. Analyzing these frameworks is typically through a twosided market setting [15] . The ISP is the market maker through its offering of connectivity options, while users and ICPs are the two sides of the market that derive value from each other through the ISP.
We assume that at each step, new and existing users evaluate the Internet connectivity choices available to them through their local ISP(s) 3 and select the one yielding to the highest utility. Even though many users are oblivious to the underlying connectivity technology, here, the option of having IPv4 or IPv6 is simply a choice between a high or low quality connection, since a user that chooses IPv6 goes through translation to access more than 90% of the websites [16] , and this makes the overall connection quality lower than that of an IPv4 user. Therefore, assuming users choose between IPv4 or IPv6 is equivalent to the assumption that users are sensitive to quality degradation and, when given the choice, choose between different quality tiers (with varying costs). This sensitivity to quality is shown in a study by Dobrian et al. [17] , which focuses on user engagement when the video quality changes, and another study by Zander et al. [18] that focuses on sensitivity of game players to connection quality. A similar model which excludes users as decision makers is presented in [2] .
One obvious shortcoming of this model is the lack of inertia in decision making of users, i.e., every user decides at each time epoch, therefore, in section 6 we investigate the robustness of our results in scenarios where the users face some form of inertia, e.g., contractual agreements. Moreover, Users are assumed heterogeneous, but primarily in their sensitivity to connectivity quality 4 . We further assume (see [10] for a related discussion) that address translation devices, if used, are the main contributors to degradation in connectivity quality/functionality. It is true that other factors can affect connectivity quality, but they are present whether in IPv4 or IPv6, and today, the main difference between native IPv4 connectivity and IPv6 (or private IPv4) is the presence of translation devices (see [2] for a comparison between the maturity of IPv6 compared to IPv4 in practice).
ICPs are part of the current Internet, therefore, they already have a public IPv4 address, and their only decision is whether or not to become IPv6 accessible. They incur a cost when doing so (upgrading their existing IPv4 infrastructure and/or update of operational processes), but unlike users that can revert their decisions, an ICP's decision to become IPv6 accessible is irreversible (once incurring the upgrade cost). Next, we present the utility functions of the Internet stakeholders.
Users utility
Users derive a unit value from Internet connectivity, with price and quality affecting their overall utility. An alternative model assumes heterogeneous values for different connectivity options, however, since we use pricing as the control knob of the ISPs, the former presentation is chosen (the outcomes are nevertheless similar). Recall that quality is assumed to be primarily affected by (the presence of) translation devices. A user's utility is then captured through the following expression:
where R indexes connectivity options, p R is the price of type R connectivity (p pub. IPv4 > p IPv6 > p priv. IPv4 ) (alternatively V R is the value of option R), a R ∈ [0, 1] quantifies (translation) quality impairments for connectivity option R, if any (a R is 0 for public IPv4 and positive for both private IPv4 and IPv6), γ R is the fraction of the Internet (ICPs) affected by those impairments, and σ denotes a user sensitivity to quality impairments.
ICPs utility
ICPs derive revenue from users, and that is affected by connectivity quality [19] . A major factor in an ICP's decision to become IPv6 accessible 5 is, therefore, the impact this decision can have on the revenue it generates from IPv6 users, and how this compares to the cost of upgrading to IPv6 (or convincing its hosting provider to upgrade). Revenue improvements depend on the number of IPv6 users and how they are affected by the ICP's adoption of IPv6. In particular, and as shown in [2] , IPv6 connectivity quality is now mostly on par with IPv4, hence, the main benefit of native IPv6 access is to eliminate the need for translation.
The cost of upgrading to IPv6 is largely a function of the "size" of the ICP's infrastructure. For simplicity, this size is assumed proportional to the Internet user-base (the traffic volume an ICP sees grows with the Internet). The net utility in(de)crease an ICP derives from becoming IPv6 accessible can, therefore, be captured as follows:
where βn 6 is the fraction of IPv6 users that an ICP can benefit from, a 6 is the per-user revenue gain from eliminating translation, and θc 6 is the per-user upgrade cost of the ICP's infrastructure (of size S infra ). β and θ capture heterogeneity in revenue and cost, respectively, across ICPs. In addition to the cost component of upgrading the infrastructure of an ICP, there are costs associated with "breakage", misconfigurations, etc., however, other studies (such as [2] ) have shown that native IPv6 is now on par with IPv4 in operational environments, and therefore, these costs are not excessively higher in IPv6 compared to IPv4. Moreover, even if such costs still exist, they are dwarfed by the infrastructure upgrade costs, and therefore, we ignore them in our models. Note that ICPs gain the same revenue from IPv4 and IPv6 users when those users connect through a native (non-translated) connection. However, when a user goes through translation devices to access an ICP, the quality of access drops. Therefore, when an ICP adopts IPv6, those users who used to access it through translation, would experience the higher quality of native connection, hence, increasing the revenue of the ICP.
ISP utility
An ISP's utility (profit) depends on revenues derived from users 6 (i.e., home users, or small businesses), and costs associated with providing services. In our models, we focus on added cost components that an ISP incurs to provide services to its new users in the future, and ignore the costs associated with maintenance or infrastructure upgrade. As costs differ across connectivity options, we introduce the ISP's utility function separately for each.
Public IPv4 only
An ISP that only offers public IPv4 connectivity has a utility function of the form:
n 4 is the number of users willing to pay p 4 for public IPv4 connectivity, while
2 is the acquisition cost of the (n 4 − 1) additional public IPv4 addresses the ISP needs beyond the "unit" block it already owns (to accommodate its existing users). The quadratic function used for address acquisition costs seeks to capture the growth in the price of public IPv4 addresses due to increasing scarcity. Section 6 changes this assumption, and investigates the impact of other functions on the models outcome. Note that the ongoing maintenance costs are ignored, as they are incurred by all ISPs regardless of connectivity options.
IPv6 only (and IPv6↔IPv4 translation)
An ISP offering IPv6 connectivity has a utility of the form:
with n 6 the number of users choosing IPv6 connectivity at a price of p 6 , and D 6 n 6 γ 6 the translation cost for those users. This expression assumes each user generates 1 unit of traffic distributed uniformly across ICPs, so that if γ 6 ICPs are not IPv6 accessible, n 6 γ 6 units of traffic must be translated at a unit cost of D 6 . Note that there are multiple cost components an IPv6 ISP incurs, such as cost associated with infrastructure upgrade, translation, breakage, customer support, etc. In our model, we ignore the first one, namely, the infrastructure upgrade cost, since it is mostly incurred during the life-cycle upgrades of the ISP's routers, switches, etc., or can be seen as an initial investment to enter the market. This strategy is aligned with what many entities suggested, including but not limited to the U.S. Department of Commerce IPv6 Task Force suggests [20] , Cisco [21] , etc. Also, this is based on the fact that many ISPs around the world have already adopted IPv6, but not many of them actually offer it to their users [22] . Our focus is on those costs that an ISP "with an IPv6 infrastructure in place" incurs, exclusively in the future, to provide IPv6 services to its user-base. Therefore, the cost component of the above utility function, i.e., D 6 n 6 γ 6 , includes costs associated with providing translation services (e.g., CGNs), solving issues related to CGN instability, and added customer support due to service breakages (for an overview of these costs see [10, 23] ). This is a per user cost, and it depends on the volume of translated traffic, i.e., when all ICPs adopt IPv6, this cost component shrink to zero.
Public IPv4 and IPv6
An ISP offering both public IPv4 and IPv6 has a utility that is simply the sum of Eqs. (3) and (4) and is of the form:
The next subsection explains the decision mechanism of the Internet stakeholders, and the timing of those decisions.
Decision Mechanisms and Timing
In all scenarios, ISPs first announce a price for each of the connectivity options, with users then choosing one in a best response fashion, i.e., they select the option that maximizes their utility. ICPs decide whether or not to become IPv6 accessible in the third and last stage of the game, again in a best response manner and based on the number of users that have chosen IPv6. ISPs are assumed aware of the rationale and economic incentives guiding users and ICPs decisions, e.g., based on surveys of users and ICPs. Hence, they set prices that maximize their own profit, i.e., by solving the above sequential decision process in reverse order. In the disagreement scenario, where not all ISPs agree to offer IPv6 immediately, we assume the two ISPs compete for the users by playing a best response game between themselves, and their strategies are the prices of the services. In the consensus scenario, however, the problem reduces to an internal optimization of a single ISP that offers both services, namely, IPv4 and IPv6 connectivity.
An alternate game would have users and ICPs aware of each others decisions, deciding simultaneously rather than sequentially. This assumes that users are able to predict how ICPs will respond to their decisions and vice versa, and makes for a more complex and possibly less realistic game (neither users nor ICPs may have access to the necessary information). More importantly, the outcomes are similar to those of the simpler sequential game. As a result, we focus on the latter. Another alternative scenario is when the decision making process of ICPs is in a different time scale compared to ISPs and users, i.e., ICPs re-evaluate their decisions less often than ISPs and users. We relegate the analysis of this scenario to Appendix C.
Note that a model incorporating external incentives, e.g., government subsidies, etc., would have the same framework and outcomes; the only difference would be the scaling of the cost factors. In fact, in Section 5, where we analyze the outcome numerically, a decrease in the costs can be interpreted as external incentives. Additionally, the models and their assumptions hold even if in the real world content consumption is local, i.e., users in a geographical region consume the content generated and mostly hosted in that same region. This is because the models do not have any restrictions on whether all ISPs and ICPs in the world should participate in this game.
Model Solution

Disagreement Scenario
This section considers scenario 2.4.1, which involves (two) ISPs competing for users and offering different connectivity options. One ISP relies on IPv6, but the other has deferred upgrading to IPv6. Instead, it chooses to either incur the (growing) cost of acquiring public IPv4 addresses, or to assign private IPv4 address to new users and rely on translation (CGNs) to connect them to the public Internet. Here we present the solution to the former scenario (public IPv4 vs. IPv6), and relegate the latter (private IPv4 vs. IPv6) to Appendix A.
Specifically, we assume rational and myopic ISPs that engage in a repeated multi-stage game played each time the Internet user population increases by δ < 1 new users. Again, in this scenario, one ISP offers IPv6 and the other stays with public IPv4 connectivity. Public IPv4 has an edge when it comes to connectivity quality (a 6 > 0), but that edge is present only for the fraction γ 6 of ICPs that require translation. Conversely, the disadvantage of public IPv4 is the likely cost of acquiring additional public IPv4 addresses.
As per Eq. (1), users' utility depends on price (p R ), quality of connectivity (a R ), and the fraction γ R of ICPs affected by quality impairment associated with connectivity option R. γ R is assumed known to users, and in the case of IPv6 depends on the outcome of the previous round of the game, i.e., how many ICPs have become natively accessible. For tractability purposes, we assume that σ, i.e., the sensitivity of users to quality impairments, is uniformly distributed in [0, 1]. Section 6 relaxes this assumption, and investigates the outcome with a more general distribution.
Hence, in round i of the game and assuming IPv6 and public IPv4 ISPs announced prices of p 6 and p 4 , users and ICPs decisions proceed as follows. 
The dependency on the price differential p 4 − p 6 is intuitive. For example, when IPv6 is priced higher than IPv4, IPv6 adoption is zero, while when the discount for IPv6 is larger than the quality penalty perceived by the most quality sensitive user (σ = 1), then all users select IPv6.
An ICP reevaluates its IPv6 adoption decision once knowing the outcome of users' decisions. Again, for tractability purposes, ICPs are assumed to derive homogenous revenues from users (i.e., β = 1), but we relax this assumption in Section 6. From Eq. (2), ICPs adopt IPv6 if the difference between the added revenue, n 6 a 6 (remember β = 1), this generates and the upgrade cost S infra θc 6 is positive. The latter depends on the current size of the ICP's infrastructure, S infra , which is proportional to the Internet user-base in round (i − 1), i.e., 1 + (i − 1)δ (where 1 is the size of the existing Internet user population). Conversely, the revenue increase created by becoming IPv6 accessible is proportional to the number of users choosing IPv6 in round i, i.e., n
6 . Assuming θ is uniformly distributed in [0, 1] (which we again relax in Section 6), ICPs for which becoming IPv6 accessible yields a positive profit in round i are those with θ ≤ θ (i) 6 (conversely, the fraction of IPv6 accessible ICPs after round i is 7 In section 6 we show that our results remain qualitatively similar even if users have inertia in decision making, e.g., contractual agreement, etc.
where for notation simplicity k = 1+iδ 1+(i−1)δ is the relative growth in user population between rounds (i − 1) and i.
The first expression of Eq. (7) corresponds to all users selecting IPv6, i.e., σ (i) 6 = 1, which yields the maximum possible adoption of IPv6 among ICPs. IPv6 adoption progressively decreases as fewer users select IPv6 (second expression), down to no less than 1 − γ
, which reflects the fact that ICPs that upgraded to IPv6 in an earlier round do not revert their decisions.
Eqs. (6) and (7) are known to the two competing ISPs, which use them to optimize their own utility functions, as expressed in Eqs. (3) and (4). This yields the following expressions for optimal prices, where for simplicity we omit the index i and use γ 6 = 1 − θ 6 .
The two equations are coupled through Eqs. (6) and (7). Explicitly solving this joint optimization is difficult 8 . It can be formulated as the solution of a best response game between the ISPs, each successively announcing and reacting to the other's price. In general, the game does not have a Nash Equilibrium to which prices would converge. In particular and as illustrated in section 5.1, instances of "cycles" in the ISPs' search for optimal prices arise in many cases. In other words, competition (or disagreement) between ISPs on the basis of connectivity makes identifying rational operating (pricing) points difficult.
Interestingly but not surprisingly, dependencies between Internet stakeholders' decisions are largely responsible for this. In particular, if ICPs' decisions were independent of those of users (or proceeded at a much slower pace), the game would typically admit a unique Nash Equilibrium (see Appendix C).
Consensus Scenario
A scenario where all ISPs offer IPv6 and another alternative, e.g., public IPv4, is equivalent to a monopolistic ISP that serves all of the users. Choices need to be preserved, as users (and ICPs) are likely to remain heterogeneous in their willingness to accept a migration to IPv6. However, connectivity options should not be the basis on which ISPs compete. In other words, this scenario is equivalent to a pricing problem including a single provider with two types of products.
Consider an ISP offering its users (new and existing) the choice between traditional public IPv4 connectivity and IPv6 connectivity at prices of p 4 and p 6 , respectively. As in the previous section, users that opt for IPv6 must undergo translation when connecting to the γ 6 fraction of ICPs that are not yet IPv6 accessible. As before, translation introduces impairments of relative magnitude a 6 . Similarly, the ISP incurs a cost of D 6 per unit of traffic that needs translation. The ISP has an existing user-base of unit size, and therefore owns a unit-size block of public IPv4 addresses. If it needs additional public IPv4 addresses, it acquires them at a cost that, again as before, grows quadratically, i.e., based on Eq. (3). ICPs decide to become IPv6 accessible following the same process as that of last section. We describe next how the ISP selects the prices p 4 and p 6 that maximize its profit.
Growth in the Internet user population again proceeds in steps of size δ that coincide with epochs where the ISP adjusts its prices p 4 and p 6 . Choosing optimal prices involves solving the following optimization problem
where
is known, while θ
needs to be replaced by its expression from Eq. (7). Note that different expressions must be used for θ
depending on the value of p 4 − p 6 . It is the need to consider those different cases that makes solving Eq. (10) cumbersome though not impossible.
Except for the fact that the optimal price for public IPv4 always satisfies p 4 = 1 (actually just below 1 to ensure positive utility), the expression for an explicit solution for Eq. (10) sheds little light on the role of different parameters, the reader is referred to [24] for details, and we instead rely on numerical examples to explore the range of outcomes. The next section discusses the results of numerical analyses of the models.
Results
In this section, we first present the impact of disagreement on IPv6 adoption among ISPs. Then we elaborate on how consensus among ISPs changes the adoption prospect; finally we discuss the real-world findings these models afford. For better readability and tractability of the discussions, we put forward in this section Table 1 , which lists the variables introduced in previous sections in addition to their roles. The first row presents a parameter, and the second row briefly defines its corresponding role. For instance, the first entry points to the translation quality impairments that a user or an ICP experiences, and it is denoted by a 6 or a (which we use interchangeably).
Variable
Role
Cost of IPv6 service β ICP revenue heterogeneity θ ICP cost heterogeneity n 4 Number of IPv4 users n 6
Number of IPv6 users C Cost of IPv4 Addresses D 6
Translation Cost 
The Impact of Disagreement
ISPs' inability to converge to jointly optimal prices is primarily because the coupling between users and ICPs' decisions introduces two distinct strategies for the IPv6 ISP, and correspondingly a discontinuity in its utility function. When the price of public IPv4 connectivity is high enough, it is best for the IPv6 ISP to heavily discount 9 its connectivity to attract many users and in turn convince many ICPs to become IPv6 accessible, which lowers translation costs. This, however, triggers a price decrease from the public IPv4 ISP to recoup part of its lost user-base, and then forces the IPv6 ISP to itself lower its price to maintain a sufficiently attractive discount. This eventually results in a public IPv4 price that is too low to allow the IPv6 ISP to give a large enough discount. The better strategy for the IPv6 ISP is then to reduce its discount and attract fewer users. Each user generates a higher revenue, and because there are few of them, translation costs are low. This occurs while guaranteeing a non-negative utility function for the ISP, i.e., the IPv6 ISP finds an alternative strategy that yields to a "higher" revenue and chooses that over the current strategy. This behavior is basically capturing the outcome of a real world scenario in which ISPs compete with each other, and are not able to converge to a Nash Equilibrium. This cyclical pattern is shown in Fig. 2 that plots each ISPs' best-responses as a function of the other's price, and includes an instance of a pricing cycle. Cycles occur when the utility gap between the two strategies of the IPv6 ISP is large enough to ensure that its best-response function and that of the IPv4 ISP do not intersect. Fig. 3 explores how often this arises across a reasonable range of configurations. The price of IPv4 addresses is chosen to have a normalization constant C = 1, so that the quadratic cost function for IPv4 addresses yields a value of 1 when the number of IPv4 Internet users reaches n 4 = 2, i.e., doubles. In other words, doubling the size of the current IPv4 Internet yields a public IPv4 address price equal to the value of Internet connectivity itself. This choice reflects the fact that according to current statistics there were about 2 billion Internet users by the end of 2012, and given the ≈ 50 − 75% utilization of the address space, a doubling of IPv4 users is then still possible. The per-user IPv6 conversion cost, c 6 , is assumed to be ten percent of the base value of Internet connectivity. , and the non-native connectivity quality impairment a user incurs, a 6 . D 6 is varied from zero to ten percent of the per user IPv4 address acquisition cost, while a 6 is varied from zero to the per user IPv6 conversion cost an ICP incurs. The figure illustrates the presence of cycles in a wide range of configurations, and in particular as soon as both a 6 and D 6 slightly grow from zero. Similar results emerge from a scenario with an IPv6 ISP and a private IPv4 ISP, but we relegate them to Appendix A. These results show that disagreement between ISPs on offering IPv6 as a connectivity option can potentially derail the current progress of IPv6 adoption, by making it hard for the Internet stakeholders to identify winning strategies.
The Benefit of Consensus
The previous section illustrated the difficulty of devising effective strategies, when ISPs tackle public IPv4 address shortage with competing connectivity options. The intent of this section is not to argue that to migrate to an IPv6 Internet, we need to forfeit competition among ISPs. This would be neither realistic nor meaningful. Instead, we want to argue for shifting competition away from connectivity choices, i.e., have a consistent offering of connectivity choices among ISPs.
Unsurprisingly, IPv6 adoption and the ISP's pricing strategy are directly affected by C, the normalization constant for the cost of acquiring additional public IPv4 addresses, and D 6 , the translation cost of one unit of traffic. In addition, two other parameters indirectly affect the ISP's strategy because of how they influence users and ICPs decisions, namely, c 6 , the per-user cost of upgrading an ICP's infrastructure to IPv6, and a 6 , the relative magnitude of the impairment translation causes, i.e., the loss in quality-of-experience for users and the related revenue loss for the ICPs.
It is possible to scope the ranges some of those parameters can span, e.g., C ≤ 1, but a complete sampling of this four-dimensional space is impractical. We rely instead on several figures to report how the outcome changes as some parameters vary, while others remain fixed. The figures help identify parameters that have a significant effect on IPv6 adoption by both users and ICPs; hence suggesting possible strategies. Figure 4 illustrates an intuitive outcome, and in the process offers some level of "sanity checking" of the model. In particular, it confirms the expected negative impact on ICPs' adoption of decreasing their adoption costs, c 6 , while a 6 remains constant. However, this figure alone ignores the effect of a 6 , which as we discuss next, can have an ambivalent effect. a 6 is the only factor that couples ISPs, ICPs and users, hence, it is important to investigate its impact on the future of IPv6 adoption.
Figs. 5 and 6 plot four quantities as a function of a 6 , while c 6 is assumed to stay put 
Effect of a 6
Consider first the effect of a decrease in the level of impairment, a 6 , that translation imposes. Such a decrease can (initially) make IPv6 more attractive to users by lowering the penalty they incur when accessing ICPs that are not yet IPv6 accessible. This can increase the number of users that choose IPv6, which can in turn entice more ICPs to become IPv6 accessible; possibly starting a positive feedback loop in IPv6 adoption. On the flip side, a lower a 6 value also decreases the potential per-user revenue gain ICPs derive from becoming IPv6 accessible. This makes it more likely that revenue increases won't offset adoption costs; hence reducing ICPs' adoption of IPv6. This would in turn make IPv6 less attractive to users, and having fewer users opting for IPv6 would further reduce its attractiveness to ICPs. As we can see, the role of changes in a 6 on IPv6 adoption is unclear, and the figures help elucidate under which conditions changes in a 6 improve IPv6 adoption. First, the figures illustrate that an increase in a 6 (i.e., in the ratio a 6 /c 6 since c 6 is not changing) systematically results in higher IPv6 adoption by ICPs and to a lesser extent users. In the case of ICPs, one can think of the ratio a 6 /c 6 as the ICPs' per user return from IPv6 adoption. An increase in this return motivates more ICPs to make such an adoption choice. When this increase is through an increase in a 6 (rather than a decrease in c 6 that is trivially beneficial to both ICPs and users), the greater number of ICPs that opt to become IPv6 accessible, offsets the larger penalty that IPv6 users suffer when accessing IPv4-only ICPs. In other words, users experience greater impairments when accessing ICPs that still require translation, but because there are fewer such ICPs, the impact is mitigated.
The number of user that choose IPv6 is not however, overly affected by an increase in a 6 , at least not until it reaches a certain threshold. This is because while there may be more ICPs that can be accessed natively over IPv6, this benefit is offset by the greater impairments users experience when accessing the remaining ICPs. However, after a 6 /c 6 reaches a threshold, the IPv6 adoption level shifts from a steady state to 100% (i.e., "bang-bang" solution). When and how this shift happens is, however, affected by the relative magnitude of IPv4 address acquisition costs, C, and IPv6 address translation costs, D 6 . Consequently, the number of users that choose IPv6 is not overly affected even if differences exist. In other words, while both Figs. 5 and 6 establish that a larger ratio a 6 /c 6 benefits IPv6 adoption by both ICPs and users, ensuring a complete migration to an IPv6 Internet requires a large enough value. How large this value needs to be depends on a number of factors, and in particular, on the IPv4 address acquisition cost and the translation cost (i.e., C and D 6 ), which as we discuss next introduce some interesting behaviors in their own right.
Effect of C and D 6
To understand the role of these two parameters, consider the scenarios where the return on IPv6 adoption is less than 1 for ICPs in Figs. 5 and 6. In these instances, ICPs have limited incentives to become IPv6 accessible. Low translation costs 11 , D 6 , afford the ISP enough leeway to price IPv6 competitively and convince a number of users, and consequently, a number of ICPs to adopt IPv6. This is reflected in the higher adoption levels of both users and ICPs as D 6 decreases. However, when translation cost increases, the ISP is unable to provide enough incentives to users and ICPs, therefore, the adoption levels are low.
When IPv4 address acquisition cost, C is high, and a 6 /c 6 > 1 (Fig. 6 ), the shift in the level of IPv6 adoption by users is abrupt, because the high cost of IPv4 addresses entices the ISP to aggressively discount IPv6 early on to quickly convince ICPs and users alike to adopt IPv6. This is also confirmed by the left hand-side curves in Figs. 5 and 6 that report the total discount the ISP offers to entice users to adopt IPv6, and the ISP's total profit, which shows this abrupt transition is beneficial to the ISP by saving large discounts given to users.
In contrast, Fig. 5 shows that when IPv4 address acquisition cost, C, is low and a 6 /c 6 > 1, the ISP's behavior depends on the translation cost D 6 . In particular, with low translation costs (D 6 ), an ISP may initially offer only a limited discount for IPv6, which can prevent the full adoption of IPv6, and prolong the coexistence of IPv4-only and IPv6-only Internets. In other words, if IPv4 addresses remain cheap for an extended period of time, it not only prolongs the transition to an IPv6 Internet, it may also make the transition significantly more expensive by deterring many ICPs from migrating early on, since the later an ICP adopts IPv6, the bigger infrastructure it has to migrate.
The next section summarizes our findings, while suggesting guidelines to avoid strategies that can derail IPv6 adoption in the future.
Findings
This section summarizes five major findings models of the previous section posit:
(i) Disagreement between ISPs on what connectivity options they offer to their users has a deteriorating effect on IPv6 adoption. Since the future growth of the Internet depends on IPv6 adoption, this delay can eventually affect all types of ISPs, regardless of their connectivity offerings. Therefore, in order to make the migration of the whole Internet to IPv6 smoother, ISPs should avoid offering only alternative connectivity options to IPv6.
(ii) Consensus among ISPs on offering IPv6 adoption along with other connectivity options, helps identify strategies that lead to a smooth IPv6 adoption progress. In other words, when ISPs all offer IPv6 as one of their connectivity options, devising successful migration strategies becomes easier for other major Internet stakeholders.
(iii) ICPs' Infrastructure upgrade cost (c 6 ) plays a key role in adoption of IPv6 across not only ICPs, but also users, by facilitating better connectivity quality compared to translated traffic. Therefore, technology developers can play a role in adoption of IPv6 by lowering the price of their products. Equivalently, governments can subsidize these products and accelerate IPv6 adoption.
(iv) Although the existence of translation devices (IPv4↔IPv6) is necessary for an uninterrupted migration to an IPv6 Internet, the presence of high quality translation devices (i.e., small a 6 ) has a negative impact on IPv6 adoption by ICPs, since these devices facilitate a loss-less access to IPv4-only content for IPv6-only users, hence, eliminating incentives for IPv6 adoption by ICPs. Even though this was known in other technology adoption instances [27, 28, 29] , the models of this paper confirm its impact in the case of IPv6 adoption.
(v) Translation costs incurred by ISPs D 6 can have an ambivalent effect on IPv6 adoption: when translation impairment level (a 6 ) is small, smaller translation costs (D 6 ) accelerates IPv6 adoption by ICPs and users, and also contributes to higher profits for ISPs; however, when a 6 is large, larger D 6 and small C values benefit IPv6 adoption.
These five findings are the outcome of the models of previous sections, which were solved, for tractability and better presentation, with some simplifying assumptions, e.g., homogenous revenue for ICPs, uniform distribution of users' sensitivity to quality, etc. In order to investigate the potential impact of these assumptions on our findings, the next section relaxes/alters them and provides the analyses for each case.
Robustness Tests
In order to capture the real world phenomena in a tractable way, every model makes some simplifying assumptions. Our modeling effort is not an exception, however, to ensure that our findings are not simply artifacts of those assumptions, we perform a series of robustness analyses. Therefore, we consider a number of variations in those assumptions, and accordingly solve the models with such variations, and compare their results and findings with those of Sections 5 and 5.3, respectively. Next, we present a summary of these variations. (i) Heterogeneity in revenue and cost of ICPs: In the current solution, we assume that ICPs derive revenue from users homogeneously. In reality, however, the revenues are heterogeneous, and mostly depend on the volume of an ICP's traffic, i.e., popularity. Furthermore, we assume the adoption costs are uniformly distributed across ICPs, while in the real world, larger ICPs possibly benefit from economies of scale. Hence, in this variation of the model, we assume the revenue and cost of an ICP depends on its popularity.
(ii) Users' sensitivity to quality impairments (σ): In our current model, this parameter is assumed to be uniformly distributed, while in reality, the distribution is most probably not uniform. It is hard, if not impossible, to determine the exact distribution in these scenarios, however, if similar (qualitative) outcomes emerge with different distributions, the findings are on a more solid footing. Therefore, in this variation we assume users' sensitivity to quality impairments follows a different distribution. (iii) Users' decision making inertia: Currently, our model assumes that all users make decisions after each announcement of prices by ISPs. That might not be practical in all scenarios, i.e., many ISPs impose contractual agreements on their users. Thus, in this variation of the model, we incorporate inertia in users' decisions through contractual agreements. (iv) IPv4 address acquisition cost: In our current model, this cost is captured via a quadratic function, which reflects a scenario with growing scarcity of IPv4 addresses. However, another scenario involves ISPs with extra IPv4 addresses providing the market with enough resources to keep the cost constant. Therefore, in this variation of the model we assume the cost of IPv4 address acquisition grows linearly.
(v) The per-user cost of IPv6 adoption by ICPs (c 6 ): In our current model, this cost is assumed to stay put over time. However, it is more likely that it decreases as the technology matures. Hence, this variation of the model incorporates a decreasing per-user cost of IPv6 adoption.
Heterogeneity of ICPs
ICPs are heterogeneous in many aspects. However, it is not practical, from a modeling standpoint, to capture all of those dimensions. Moreover, from the perspective of our model, it is only the net effect of those heterogeneities that matters. Therefore, here we only focus on one aspect of heterogeneity among ICPs, namely, popularity. We present next the changes required in the utility function of ICPs to incorporate this aspect.
The popularity is captured in Eq. (2) through parameter β, which, in previous sections, was assumed to be equal to 1 (i.e., β = 1) yielding to a homogenous revenue across all ICPs. Here, we assume β is distributed in [0, 2] with a certain probability distribution 12 . We assume that most ICPs are of similar popularity, but some are either highly popular or unpopular. This leads to the choice of a unimodal bell-shaped distribution function, which is adequate to show how differences in popularity of ICPs can potentially change our findings 13 . Without loss of generality, and to extend the tractability of our model, we use a unimodal Kumaraswamy distribution function for β.
Moreover, in order to incorporate the economy of scale in IPv6 adoption decisions of ICPs, we choose θ, the parameter that captures adoption cost heterogeneity across ICPs (in Eq. (2)), to be a function of their popularity. In other words, we choose θ to be a decreasing function of β, to reflect the economy of scale, i.e., a more popular ICP with a larger user-base incurs (on average) lower per-user IPv6 adoption costs.
Although changes in β and θ only affect the decision making process of ICPs, their incorporation in the model help capture a more general, and perhaps more realistic, picture of the IPv6 adoption problem. Next we show the impact of these changes on our earlier model formulation.
Formulation
Without loss of generality, we choose θ = 2−β 2+β , which bounds θ in [0, 1], and is a decreasing function of β. It can be easily shown, through numerical analysis, that this choice is as good as any other decreasing function.
While the expressions for users and ISPs remain the same as Eqs. (6), (A.5) and (A.6), γ (i) 6 , the fraction of ICPs that do not choose IPv6 at the end of round i, changes as follows:
where K A,B (.) denotes the Kumaraswamy function with parameters A and B (the rest of the parameters are introduced in Eq. (7)). With the proper values for A and B, one can achieve a uni-modal distribution function in [0, 1]. Next, we compare the findings from this variation of the model with our original findings.
Results and Discussion
Comparing Fig. 7 with Fig. 3 , one can see that this scenario yields to similar outcomes as the original scenario, i.e., in the majority of the cases the disagreement between ISPs ends in a cyclical behavior. Therefore, the first finding of Section 5.3, i.e., detrimental effect of disagreement between ISPs on technology options, holds even in the presence of heterogeneity in revenue and cost of ICPs.
The results of the consensus scenario with popularity incorporated in ICP's decisions, are labeled "Uni-modal β" in Figs. 8, 9 , 10, and 11. In this scenario we assume a small C value, and D 6 = 0.1C, hence, we can compare them with the corresponding curve in Fig. 5 , which is also plotted (for more convenience ) in the above figures under the label "Original Scenario". A similar figure to Comparing "Uni-modal β" curves with the "Original Scenario" (in the above figures), one can see quantitative differences, i.e., the Uni-modal β scenario yields to slightly lower discounts given by ISPs, higher total profits for ISPs, and different adoption rates for users and ICPs. The main reason behind these differences is that in this scenario compared to the original scenario, more popular ICPs derive higher benefits from IPv6 adoption, therefore, their adoption rate is higher. Higher adoption rate by popular ICPs causes lower translation costs by ISPs, and therefore lower discounts and higher profits. Users also have greater incentives to adopt IPv6 in the presence of higher adoption rate by ICPs. This is only true for small values of translation impairments (a), and for larger values of this variable most of the incentives fade away, and cause lower overall adoption rates by users and ICPs. These quantitative differences nonetheless, the outcomes are qualitatively similar, i.e., the patterns are almost similar across all metrics, namely, discounts by ISPs, ISPs' profit, and adoption rates by users and ICPs. In other words, findings (ii) to (v) of Section 5.3 hold in the presence of heterogeneity in revenue and cost of ICPs.
As alluded to earlier, using a uni-modal or bi-modal distribution function for β results in similar outcomes. Also, we choose the parameters of the Kumaraswamy function (i.e., A and B), randomly (as long as it results in a unimodal or bi-modal distribution function), therefore, the robustness test is not capturing a single scenario. In other words, the above robustness test shows that ICPs' heterogeneity does not qualitatively affect the the findings of Section 5.3, regardless of the underlying distribution. 
Users Sensitivity
In the original scenario, we assumed that sensitivity to quality impairments is distributed uniformly across users. To investigate the dependency of our findings to this assumption, it is best to substitute the distribution with a general distribution function. However, this seems impractical given that we rely on numerical analysis. Therefore, we only focus on a uni-modal bell-shaped distribution function, which is commonly seen in real world phenomena.
Formulation
In our model, sensitivity to quality impairments is specific to users, hence, the model formulation remains the same for ICPs and ISPs. The changes to users is reflected via σ 6 as follows:
which is similar to Eq. (6) except for K A,B (.) that as alluded to earlier denotes the Kumaraswamy distribution function with parameters A and B.
Results and Discussion
Similar to the previous section, comparing Fig. 12 and Fig. 3 , one can see that the choice of distribution function for users' sensitivity to quality impairments (σ), does not change the outcomes qualitatively. Therefore, the first finding of Section 5.3 holds in the presence of a different distribution for σ.
We plot the outcomes of the consensus scenario in Figs. 8, 9, 10, and 11 under the label "Uni-modal σ". Again, in this scenario the value of C is small and D 6 = 0.1C (a similar figure to Fig. 5 is relegated to Appendix B). Comparing these curves with the corresponding "Original Scenario" curves, one can see slight quantitative differences, which are mainly an artifact of a different distribution for σ. However, the patterns are qualitatively similar to the original scenario. In other words, findings (ii) to (v) of Section 5.3 hold in the presence of a different distribution for σ.
We choose the parameters of the Kumaraswamy function randomly, as long as it yields to a uni-modal distribution function for σ 6 . Therefore, the above test captures a wide range of functions that take values in [0, 1] , and shows that the findings are not qualitatively affected by the choice of this function.
Users Inertia
In our initial solution we assumed all users re-evaluate their decisions after each price announcement by ISPs. In reality, this might be violated due to the inertia in decision making process of users; the most common source of this inertia is involvement in a contractual agreement, which bars users from changing their services at any time. Hence, we need to examine the validity of our findings in the presence of such inertia. In the consensus scenario, this assumption does not play a significant role, because the monopolistic ISP can assign services to its users at any given time, in order to maximize its profit (i.e., contractual agreements are internal to the ISP). However, in the scenario with disagreement among ISPs on offering IPv6, we need to analyze the model with the assumption that not all users can change their services after each announcement.
Formulation
The original formulation of the problem does not change, except that in Eqs. A.5, A.6 and 10, we substitute (1 + iδ), with a fraction of users that can make decisions at epoch i. In other words, instead of the total user population, here only a fraction of them make a decision. Without loss of generality, we assume that users can change their services every year, therefore, at any given time epoch i, only 1/12 of the existing users can change their services.
Results and Discussion
Fig . 13 demonstrates the outcome of the analysis for the above variation of the model. Comparing it with the results of our original scenario plotted in Fig. 3 , one can see the similarity of results. In other words, this result confirms that inertia in decision making of users does not change our first finding of Section 5.3 regarding the disagreement scenario. The rest of the findings also remain intact, since the contractual agreements do not affect them. Fig. 13 shows that the existence of cycles becomes even more widespread in the presence of contractual agreements. In other words, if the term of the contractual agreements become longer, the cycles become the norm. We confirmed this by looking into a scenario in which existing users are not allowed to change their services ever (i.e., life-time contractual agreement). This impractical scenario also results in a qualitatively similar outcome as Fig. 13 . This demonstrates that contractual agreements, regardless of their terms, do not affect the findings of our models qualitatively. 
IPv4 Address Acquisition Cost
In the original scenario, we assumed that the cost of IPv4 address acquisition grows quadratically with the number of addresses (the per address cost grows linearly). We made this assumption to capture the increasing cost of IPv4 addresses as they become scarcer. However, an alternative scenario is when ISPs with extra IPv4 addresses sell their addresses in the corresponding markets, and therefore, the supply of addresses meets the demand. In this situation, the cost of IPv4 addresses grows linearly with the number of addresses (per address cost remains constant). Here, we examine the extensibility of our findings to such scenario.
Formulation
We only need to substitute the quadratic function in the ISP's utility with a linear function. In other words, in Eqs. A.5 and 10, we replace C((1 + iδ)(1 − σ 6 ) − 1) 2 + with C((1 + iδ)(1 − σ 6 ) − 1) + .
Results and Discussion
We plot the outcome of the disagreement scenario in Fig. 14 , which is quite similar to the outcome of the original scenario in Fig. 3, i. e., the cycles are present predominantly. Therefore, the first finding of Section 5.3 holds for this variation of the model.
We also plot the results of the consensus scenario in Figs. 8, 9 , 10, and 11 under "Linear IPv4 Acquisition Cost". Once again, this scenario is for a small value of C and D 6 = 0.1C (with a similar figure to Fig. 5 relegated to Appendix B). Comparing these curves with the corresponding "Original Scenario" curves, one can observe quantitative differences. However, these differences do not affect the overall patterns of adoption, i.e., the patterns are qualitatively similar. Therefore, findings (ii) to (v) of Section 5.3 extend to this variation of the model.
The cost of IPv4 addresses is not going to decrease in the near future, at least until a near complete adoption of IPv6. Therefore, the linear cost function used in the above robustness test, which is equivalent to a constant per-address cost, is the best case scenario, i.e., the lower bound of address cost is when it is non-decreasing. The above test shows that the findings of this scenario, are qualitatively similar to those of Section 5.3, and therefore, we can easily conclude that the findings of any scenario with a super-linear function for IPv4 address acquisition cost, is also qualitatively similar to those of Section 5.3. In the original scenario, we assumed that the per-user cost of IPv6 adoption for ICPs remains constant over time. However, in reality, as technology matures the cost of adoption also decreases. Here, we investigate the validity of our results in such scenario.
Formulation
The formulation remains the same for almost all equations, and the only difference is that we replace c 6 in Eq. (7) with c 6 (i), a decreasing function of i.
Results and Discussion
Comparing Figs. 15 and Fig. 3 shows that temporal decrease of c 6 does not change the overall pattern of our results, i.e., the first finding of Section 5.3.
Comparing the curves labeled "Decreasing c 6 " and "Original Scenario" in Figs. 8, 9, 10, and 11, it can be easily seen that there are significant quantitative differences (a similar figure to Fig. 5 is relegated to Appendix B). However, this is not surprising, as decreasing the cost of IPv6 should speed up the adoption process by ICPs, which consequently causes higher profit for ISPs and higher adoption rates for users. This exactly re-enforces what the third finding of Section 5.3 states. Also, the qualitative similarities between the outcomes of this scenario and the original scenario validates findings (iv) and (v) of Section 5.3.
Several decreasing functions were used for c 6 in the above analysis, and the results, even though quantitatively different, all agree qualitatively. In other words, the choice of the decreasing function for c 6 does not affect the findings of Section 5.3. 
Related Works
Explaining the slow progress of IPv6 adoption has been the focus of much prior work (see [30, 31] for a recent overview). Earlier works focused on identifying technical issues that created initial adoption hurdles [32, 33, 34, 35] , but as those were eventually addressed, the attention shifted towards measuring IPv6 adoption progress [36, 37, 38, 39, 40, 41, 42, 16, 43, 44] , as well as exploring the role that economic forces may be playing [45, 46, 47, 48, 49, 50, 51] .
Those latter works bear the most direct relevance to the investigation presented in this paper, with [45] echoing many of the same themes we identify, including the importance of coordination, albeit without analytical support. Casting IPv6 adoption as a game was proposed in [51] , but one with Autonomous Systems as the sole players, i.e., it did not account for either users or ICPs. The use of two-sided markets to capture dependencies between the decisions of Internet stake-holders was suggested in [48] , but used simply to assess the impact of changing certain parameters, i.e., it did not explore the possibility or competition between ISPs nor how the presence of coordinated revenue maximization by ISPs would influence the outcome.
There is also a vast literature on two-sided markets, and the reader is referred to [52, 53] for recent surveys. The most relevant works deal with competing platforms [54, 15] , e.g., IPv4 and IPv6, but the absence of pricing for one side of the market (the ICPs) in our context makes for a very different (and simpler) focus. There is also a closely related work on the two-sided market analysis of Internet content delivery [55] , however its focus is not on IPv6 adoption.
Conclusion
The paper's motivation is to shed light on what can potentially affect, positively or negatively, the current accelerated progress of IPv6 adoption. It proposes a number of models that capture the dependencies between different Internet stakeholders and consider various connectivity options. The paper then explores how these dependencies and connectivity options affect the decisions of Internet stakeholders in migrating to IPv6. A first set of scenarios consider ISPs that respond to IPv4 address scarcity differently, namely, by using different connectivity options. The ISPs compete to attract users on the basis of connectivity options, and the models demonstrate how in these scenarios devising an effective IPv6 adoption strategy may be difficult, and that stakeholders can potentially derail the current progress of IPv6 adoption.
The paper then explores an alternative scenario in which ISPs still preserve the ability to offer multiple connectivity options, but all of them have a consensus on offering IPv6 as one of those options. While this is not by itself sufficient to maintain the current acceleration in IPv6 adoption, it affords a more predictable look at how different factors can affect the progress. In particular, it helped identify translation impairments a as an important factor that can negatively or positively affect the adoption of IPv6 in the future, i.e., larger values can motivate ICPs to adopt IPv6 to avoid loss of revenue and at the same time deter users from adopting the technology, while smaller values reduces incentives for ICPs and motivates users. The model also helped identify the role IPv4 address acquisition cost C and translation cost D 6 play. In particular, it showed that low IPv4 address acquisition costs can derail the progress of IPv6 adoption at least temporarily. Even if the latter is to some extent due to the myopic decision making process of ISPs in the models, the presence of a more strategic decision does not change the outcomes significantly.
The models on which this paper's investigation is based have numerous obvious limitations, and fail to capture the impact of many other factors. For instance, it is true that not all ICPs have the same impact on users, and the largest ones play differently. Such ICPs can make a difference in the direction of IPv6 adoption, as they host the most popular content consumed by the users, and their migration can incentivize ISPs to offer IPv6 to their users. However, in this paper it is assumed that every unit of content consumed by the users is distributed uniformly across all ICPs, regardless of their sizes, as it is hard if not impossible to capture the role of different ICPs in a tractable mathematical model. However, they capture the interdependencies between different Internet stakeholders and their decisions. As such the results offer some insight into the potential factors that can derail or accelerate the progress of IPv6 adoption in the future. that for σ ≥ σ NA , 1 − p 6 − σaγ (i−1) 6 ≤ 0, i.e., users that are very sensitive to connectivity impairment will altogether opt out of connecting to the Internet. This can also arise in the previous scenario, albeit much more rarely as the availability of the public IPv4 option typically ensures that high σ users have access to a suitable alternative 14 . The Impact of Disagreement: Fig. A.16 offers a perspective similar to that of Fig. 3 , and reports the outcome of the ISPs' price selection process for a range of configurations. There are some differences, e.g., migration to IPv6 arises rarely, but there is nevertheless a broad range of parameters for which cycle are present. As argued earlier, this makes devising pricing strategies difficult and is likely to contribute continued uncertainty in deciding how to settle on a migration strategy. make decisions compared to the ISPs and users. From a modeling standpoint, we can remove the decision making of ICPs, and update the fraction of IPv6 accessible ICPs infrequently. In this setting, we can analytically find the Nash Equilibrium of the game played by ISPs (in a disagreement scenario). This setting is analytically similar to the one where ICPs make decisions after each price announcement, but the timing of their decision making remains unknown to ISPs. The model formulation remains the same (as the original
